Microinjections
of the cholinergic receptor agonist nicotine and the cholinesterase inhibitor neostigmine were made into the ventral tegmental area (VTA) of urethane-anesthetized rats, and dopamine (DA) efflux in the nucleus accumbens was measured using in vivo chronoamperometry.
Dose-dependent increases in the chronoamperometric signals corresponding to increased DA efflux were observed in the nucleus accumbens of normal intact rats after cholinergic stimulation of the VTA. The source of the cholinergic input to the VTA was investigated by making excitotoxic lesions in either the laterodorsal tegmental nucleus (LDTg) or the pedunculopontine tegmental nucleus (PPTg). Compared with sham-operated control animals, which showed the same response as intact, nonlesioned rats, ibotenate lesions of the LDTg attenuated the stimulatoty effects of intra-VTA neostigmine on DA efflux in the nucleus accumbens. In contrast, rats with ibotenate lesions of the PPTg showed normal nucleus accumbens DA efflux after intra-VTA injections of neostigmine.
Such lesions in the PPTg attenuate DA efflux in the caudate-putamen stimulated by injections of neostigmine into the substantia nigra pars compacta (SNc) . The present data show that cholinergic neurons in the LDTg, but not the PPTg, regulate the activity of DA-containing neurons in the VTA, which complements previous data showing that cholinergic neurons in the PPTg regulate DA-containing neurons in the SNc.
Key words: ventral tegmental area; nucleus accumbens; laterodorsal tegmental nucleus; pedunculopontine tegmental nucleus; dopamine; acetylcholine; ibotenate; chronoamperometry; rat Dopamine (DA)-containing neurons in the substantia nigra pars compacta (SNc) receive cholinergic innervation from the pedunculopontine tegmental nucleus (PPTg). This has been shown by tracing studies (Woolf and Butcher, 1986; Beninato and Spencer, 1987, 1988; Clarke et al., 1987; Tokuno et al., 1988; Gould et al., 1989; Lavoie and Parent, 1994) (but see also Lee et al., 1988) electron microscopic studies (Bolam et al., 1991) , and functional examinations (Hernandez-Lopez et al., 1992; Blaha and Winn, 1993) . This is consistent with the observation that acetylcholine (ACh), together with its synthetic enzyme choline acetyltransferase (CAT), and degradative enzyme acetylcholinesterase (AChE) are present in the substantia nigra (Jacobowitz and Goldberg, 1977; Butcher and Marchand, 1978; Lehmann and Fibiger, 1978; Greenfield et al., 1980) as are both muscarinic and nicotinic receptors, at which ACh has excitatory actions (Clarke et al., 1985; Lacey et al., 1990; Nastuk and Graybiel, 1991) . Behavioral studies also support the hypothesis that cholinergic systems interact with DA neurons in the SNc (Parker et al., 1991 (Parker et al., , 1993 Winn, 1991) .
DA neurons in the ventral tegmental area (VTA) also are cholinoceptive.
Nicotinic receptors are present in the VTA (Clarke and Pert, 1985) and the behavioral effects of cholinergic drugs are consistent with stimulation of these receptors (Druhan et al., 1989) . Moreover, systemically administered nicotine increases DA efflux in the nucleus accumbens by acting in part in the VTA (Nisell et al., 1994) . However, the source of the cholinergic input to VTA DA neurons has not been investigated in detail. It is unclear to what extent the cholinergic neurons of either the PPTg or the laterodorsal tegmental nucleus (LDTg) innervate the VTA. Ascending fibers from the PPTg appear to run through the VTA, possibly making synaptic contact (Hallanger and Wainer, 1988 ) but a more prominent innervation from the LDTg has been described previously (Satoh and. Fibiger, 1986; Cornwall et al., 1990) . In a previous study, we assessed the relationships among the PPTg, SNc, and caudate-putamen (Blaha and Winn, 1993) . Injections into the SNc of cholinergic receptor agonists or the anticholinesterase neostigmine increased DA efflux in the ipsilatera1 caudate-putamen, measured by both in viva electrochemistry and microdialysis. In rats with excitotoxic lesions of the PPTg, however, the amount of caudate-putamen DA efflux stimulated by neostigmine was attenuated, whereas the response to nicotine was enhanced. Because the PPTg lesions spared LDTg cholinergic neurons completely, yet postsynaptic receptor supersensitivity in the SNc developed, it was argued that the cholinergic innervation of the SNc must come almost exclusively from the PPTg.
In thcsc experiments, we have adopted the same rationale to investigate the cholincrgic innervation of the VTA. In our prcvious experiments (Ulaha and Winn, 19Y3), we used both in viva microdialysis and electrochemical techniques to cross-validate results. Having done this, we have chosen to use only irz viva electrochemistry in the present study, which was designed to determine the following: (1) whether cholinergic receptor agonists and cholinesterasc inhibitors increase DA activity in the nucleus accumbens after microinjection into the VTA; and (2) whcthcr PPTg or LDTg lesions remove cholincrgic input to the VTA and consequently diminish the rcsponsc to AChE inhibitors.
MATERIALS
AND METHODS Su&ct.s. Male hooded Long-Evans rats weighing 350&450 gm wcrc used in all experiments. Animals were housed in individual stainless steel cages at constant room temperature (24"C, 60% relative humidity) and maintained on a 12 hr light/l2 hr dark cycle (lights on at 7:00 A.M. 
RESULTS
Cannulae and electrode placements Figure 1 shows representative placements of cannulae in the VTA, whcrc thcrc was close clustering of injection sites, and electrochemical electrodes in the nucleus accumbens Effects of intra-VTA nicotine and neostigmine on DA efflux in the nucleus accumbens As shown in Figure 2 , n and R, microinjcction of 0.2 and 2.0 nib1 nicotine into the VTA increased the chronoamperometric signals corresponding to DA efflux in the nucleus accumbens, in contrast to microinjcctions of saline, which were without effect. DA efflux in the nucleus accumbens reached maximal increases of 132 i 4 and 276 i 14% (Table 1 ) with rcspcct to basclinc lcvcls (0.95 nA, 100%) within SO and 85 min after injection, respectively. The total duration of action for these ei?'ects was 90 and 180 min for 0.2 and 2.0 mM, rcspcctively. Microinjection of the anticholinesterase neostigminc into the VTA rcsultcd in potent enhancement of the chronoampcromctric signals rccordcd in the nucleus accumbcns (Fig. 2C,L) ; Table 1 ). Maximal increases in accumhens DA efflux of 580 i 36 and 1044 i 49% were observed within 95 and 50 min after microinjection of nicotine into the VTA at doses of 0.5 and 1.0 mM, rcspcctivcly. The total duration for the stimulatory cffccts of 0.5 mM neostigmine on nucleus accumbens DA efflux was 210 min. At the higher dose of 1.0 m.~ neostigmine, the response remained elevated at approximately half-maximal over the course of the cxpcrimcnt. PPTg lesions extended from a point just caudal to the substantia nigra and extended caudally almost to the parabrachial nuclei. There was no invasion of the central gray and no damage in the substantia nigra, although neurons were lost from other structures adjacent to the PPTg. Damage in these structures (deep mesencephalic nucleus, cuneiform nucleus, and retrorubral nucleus) was never complete and varied among rats, making it unlikely that this partial and inconsistent damage affected the results of these experiments. LDTg lesions, in contrast, tended to be contained within the central gray matter, with leakage into the tissue immediately above and below the superior cerebellar peduncle in the cuneiform and medial parabrachial nuclei in some cases. As with the PPTg, damage to these structures was only partial and was not consistent across all rats. Table 2 presents counts of diaphorasepositive neurons in the PPTg, LDTg, and subpeduncular tegmental nucleus (SPTg) in the three groups of rats, and average lesion volumes were computed from analysis of Nissl-stained sections. The diaphorase counts show clearly that ibotenate directed at the PPTg destroyed neurons there but not in the LDTg, whereas ibotenate injected into the LDTg destroyed neurons there but not in the PPTg. Loss of diaphorase-positive neurons was seen in the SPTg after some LDTg lesions but never after PPTg lesions. The lesions made in the PPTg were similar in size to those reported previously (Dunbar et al., 1992; Rugg et al., 1992; Inglis et al., 1994a,b) ; to the best of our knowledge, excitotoxic lesions of the LDTg have not been reported previously.
As shown in Figure 5 , microinjection of 0.5 mM neostigmine into the VTA of LDTg-lesioned rats resulted in an attenuated increase in the chronoamperometric signals in the nucleus accum-
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Ipsilateral Contralateral bens compared with the neostigmine-induced increases in accumbens DA efflux observed in sham-lesioned control rats. Peak neostigmine-induced increases in accumbens DA efflux occurred 90 min after infusion; neither sham-lesioned (591 -t 39%) nor PPTg-lesioned (523 2 22%) rats differed significantly in their response to VTA neostigmine compared with intact controls (580 ? 36%). DA efflux in the accumbens of LDTg-lesioned rats reached maximal increases of 235 f 11% within 95 min after injection of neostigmine ( Fig. 2C ; Table 1 ). The total duration of action for these effects was similar to those observed in intact and sham-lesioned animals (210 min; Fig. 5A,B) . DISCUSSION ACh in the VTA and nucleus accumbens DA The data presented in this paper show that cholinergic stimulation of the VTA increased the DA concentration in the extracellular space of the nucleus accumbens. Both nicotinic receptor stimulation and cholinesterase inhibition with neostigmine produced clear dose-dependent effects. These data are consistent with the observation that VTA neurons have cholinergic receptors on their somatodendritic membranes and that activation of these neurons generally is excitatory (Clarke and Pert, 1985; Greenhof et al., 1986; Lacey et al., 1990; Nisell et al., 1994) . These data also are consistent with reports of cholinergic innervation of the VTA from the mesopontine tegmentum (Satoh and Fibiger, 1986; Hallanger and Wainer, 1988; Cornwall et al., 1990) . A recent report concerning the cholinergic innervation of the VTA and SNc from the mesopontine tegmentum (Oakman et al., 1995) has shown that there is a bilateral innervation of the VTA principally from the LDTg and an ipsilateral innervation of the SNc originating in central and anterior portions of the PPTg. In effect, taking the mesopontine cholinergic neurons all together, there is an anteroeating functionally that lesions in the LDTg affect cholinergic lateral-posteromedial gradient in the innervation of midbrain DA activity in the VTA. These findings are in contrast to the effects of neurons; PPTg neurons tend to innervate the SNc, LDTg, and lesions in the PPTg, which affect cholinergic activity in the SNc to VTA. The present data add to this finding significantly by indithe extent that receptor supersensitivity develops in the SNc after lesions selective for the PPTg, but not LDTg (Blaha and Winn, 1993) . In the present study, PPTg lesions had no effect on cholinergic activity in the VTA.
Neuroanatomical and methodological considerations Excitotoxins have been used in several previous studies to make lesions in the PPTg (Jones and Webster, 1988; Webster and Jones, 1988; Rugg et al., 1992; Inglis et al., 1994a,b; Olmstead and Franklin, 1994) but, to the best of our knowledge, an excitotoxic lesion aimed exclusively at the LDTg has not been reported previously. The anatomical data presented here show clearly that entirely separate ibotenate lesions can be made in the LDTg and PPTg. In no case did we observe damage in one site after lesion of the other. The SPTg, a structure incorporated into the PPTg by some authors but classified as separate by others, was not affected by PPTg lesions, but spillage of toxin from the periaqueductal gray after LDTg lesions produced some loss of SPTg neurons. Further refinement of the LDTg lesion parameters should reduce this effect. Neither PPTg nor LDTg lesions were complete. In the case of the PPTg, loss of neurons was maximal in the compact portion of the nucleus, around the superior cerebellar peduncle, with the damage becoming less marked as the nucleus descends toward the substantia nigra. In the LDTg, there generally was complete damage in the central portion of the nucleus and less complete damage at the anterior and posterior poles. It is clear, however, that the lesions were entirely separate, and it is the separation of the two lesions that is the most important consideration.
It is this differentiation that allows clear conclusions to be drawn concerning the separate innervations made by these two structures.
NADPH diaphorase is a nitric oxide synthase (Hope et al., 1991) found in many central nervous system neurons. In the mesopontine tegmentum, it is localized almost exclusively in cholinergic neurons in the PPTg, SPTg, and LDTg; in several studies, therefore, it has been used to label cholinergic neurons. We have shown a strong correlation between counts of neurons stained for NADPH diaphorase and those processed immunohistochemically to show CAT-positive neurons (Inglis et al., 1994a) . The neuronal counts shown in Table 2 are raw, taken from 50 pm sections cut every 200 pm through the mesopontine tegmentum, but estimates of the total number of cholinergic neurons present made from the control data yield figures very close to those reported previously--1600 neurons in both the PPTg and the LDTg (Rye et al., 1987; Rugg et al., 1992) .
Unilateral cholinergic stimulation of the VTA produced clear and significant effects on DA efflux not only in the ipsilateral Note the presence of many large neurons in this area. NADPH diaphorase staining shows these to be nitric oxide synthase-positive and, therefore, presumably cholinergic. C, PPTg-lesioned tissue dominated by dense, reactive gliosis throughout the area. D, non-PPTg-lesioned tissue shows the position of the PPTg in relation to the superior cerebellar peduncle and lemniscal fibers. 4V, fourth ventricle; LDTg, laterodorsal tegmental nucleus; Lf lemniscal fibers; Me5, mesencephalic trigeminal nucleus; PPTg, pedunculopontine tegmental nucleus; scp, superior cerebellar peduncle. nucleus accumbens, but also in the contralateral nucleus accumbens. Several studies have suggested the existence of a crossed VTA-accumbens pathway (Swanson, 1982; Bjiirklund and Lindvall, 1986 ). The stimulation seen on the contralateral side in our experiments could represent activation of a crossed connection or could be accounted for by spread of drug to the contralateral VTA. It is worth considering that crossed VTA-to-nucleus accumbens fibers would have been deafferented by lesions and, consequently, PPTg and LDTg lesions should have had the same effects on the ipsilateral and contralateral accumbens. The failure to find any effects of PPTg or LDTg lesions on the contralateral response indicates that this finding most likely was attributable to diffusion of drug from the injected VTA to the contralateral side. The doses used appear to be quite large, but several points need to be considered. First, the doses are compatible with those used in the SNc (Blaha and Winn, 1993) . Second, a large portion of microinjected fluid is lost rapidly from the brain (Myers and Hoch, 1978) . Third, behavioral studies using these doses have produced predictable increases in normal behavior (Winn, 1991; Parker et al., 1993) consistent with the DA efflux observed in anesthetized rats. This suggests that similar electrochemical results could be obtained in both conditions.
One point of contrast between the previous study, in which DA efflux in the caudate-putamen was measured after cholinergic stimulation of the SNc, and the present study concerns the difference in response to nicotine and neostigmine. Slightly different doses of nicotine were used in the two studies, but the effects on striatal DA efflux essentially were similar. In contrast, the effects of neostigmine in the VTA were much greater than those in the SNc. The maximal percentage effect of the lowest dose of neostigmine (125 pmol) injected into the SNc was 144%; for the highest dose (250 pmol), this effect was 227%. In contrast, the VTA maximal percentage effects were 580 and 1044% (125 and 250 pmol, respectively). It is not clear why neostigmine had a fourfold greater effect on accumbens DA efflux compared with the caudate-putamen.
The density of the cholinergic innervation of the VTA compared with the SNc, the volume or concentration of ACh present, and the efficiency of AChE in the VTA all are possible causes for these differences. An explanation in terms of receptor differences is less likely given the similar effects of nicotine after microinjection into either the VTA or the SNc.
Mesopontine cholinergic innervation of midbrain DA neurons The importance of this work has been emphasized by recent suggestions that, in some cases at least, there are increases in the numbers of mesopontine cholinergic neurons in the brains of schizophrenics (Garcia-Rill et al., 1995) (but see also Zweig et al., 1994) and, as has been indicated by others (Yeomans, 1995) , such changes have implications for the regulation of midbrain DA neurons. Mesopontine cholinergic neurons generally are considered to be part of the ascending reticular activating system (Mesulam et al., 1989; Harrison et al., 1990 ) and many studies show that they have a role in the maintenance of sleep and arousal (Semba et al., 1990; Steriade et al., 1990; Harrison et al., 1990) . In particular, they regulate the state of the thalamus, aiding the transition from burst-firing to single-spiking modes of operation (Steriade and Llinas, 1988; Steriade et al., 1990; Kamondi et al., 1992; Williams et al., 1994) , and are thought to be crucial in the control of behavioral state. In addition to controlling thalamic operations, the previous and present data suggest that mesopontine cholinergic neurons also regulate midbrain DA neurons, an operation that is consistent with behavioral state control, given that midbrain DA neuronal activity has been associated with behavioral activation and response to novel stimuli (Romo and Schultz, 1990; Schultz and Romo, 1990; Ljungberg et al., 1992) . Although a cholinergic presence in both the VTA and the SNc has been recognized for many years, the functional data we have presented argue strongly that it is the LDTg cholinergic neurons that impact on the VTA, whereas PPTg cholinergic neurons affect the SNc, and that this separation is almost complete. This is paralleled by the cholinergic innervation of the thalamus. Although not as sharply defined, it is clear that PPTg cholinergic neurons innervate sensory and motor nuclei of the thalamus (such as the geniculate nuclei, several of the lateral nuclei, and the ventrobasal complex) strongly, whereas LDTg neurons provide the bulk of the innervation of limbic nuclei such as the mediodorsal nucleus (Hallanger et al., 1987) . We speculate, therefore, that although the ascending cholinergic neurons of the PPTg and LDTg innervate similar sites (thalamic nuclei and midbrain DA neuron), there is an anatomical separation such that PPTg neurons are associated with "sensorimotor" systems, whereas the LDTg neurons are associated with "limbic" systems. In further experiments, we will determine what functional differentiation exists between these cholinergic systems and the extent to which the innervations of thalamus and midbrain are collateralized. 
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